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We completely determine the residual automorphic repre-
sentations coming from the torus of odd orthogonal groups.
Under certain technical assumption on disconnected groups,
our results are valid for symplectic groups and even orthog-
onal groups. Moeglin has determined the residual spectrum
attached to the trivial character of the torus for split classical
groups. However, non-trivial characters present some non-
trivial difficulties, both local and global. Local problems are
resolved in a companion paper with C. Jantzen, where many
other useful results are obtained.

Introduction.

Let F' be a number field and A its ring of adeles. Let G be a reductive
group defined over F. For simplicity we assume that the center of G is
anisotropic over F'. A central problem in the theory of automorphic forms is
to decompose the right regular representation of G(A) acting on the Hilbert
space L?(G(F)\G(A)). It has continuous spectrum and discrete spectrum.

LA(G(F)\G(A)) = L (G(F)\G(A)) & Lo (GF)\G(A)).

We are mainly interested in the discrete spectrum. Main contributions have
been made by Langlands and Arthur. First of all Langlands described, using
his theory of Eisenstein series, an orthogonal decomposition of this space of
the form:

L3 (GIP\G(A) = € L& (GIF)\G(A)) (r1,m):
(M)

where (M, 7) is a Levi subgroup with a cuspidal automorphic representa-
tion 7 taken modulo conjugacy (here we normalize 7 so that the action
of the maximal split torus in the center of G at the archimedean places is
trivial) and L3, (G(F)\G(A)) (a1, is a space of residues of Eisenstein series
associated to (M, ). Here we note that the subspace

B(c.m)Liis (GIE\G(A)) ()
is the space of cuspidal representations L2, (G(F)\G(A)). Its orthogonal

cusp

complement in L3, (G(F)\G(A)) is called the residual spectrum and we
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denote it by L2, (G(F)\G(A)). Therefore we have an orthogonal decompo-
sition

Lii (GIP\G(A)) = Ly (GU\G(A)) @ Ligs (GUF)\G(A)).

Arthur described, motivated by his trace formula, described a conjectural
decomposition of this space as follows:

L (GIN\G(8)) = &y L (GF)\G(A)) g,

where v runs, modulo conjugacy, through the set of morphism ¢ : Lp X
SLy(C) — G*, where Lp is the conjectural tannakian group, G* is the
Langlands’ L-group and v satisfies certain conditions; in particular, ¢ re-
stricted to SLy(C) is algebraic, 9 restricted to Lp parametrizes a cuspidal
tempered representation of a Levi subgroup and the image of ¢ is not in-
cluded in proper Levi subgroups. The space L?(G(F)\G(A))y is defined by
local data (3.3).

Let Iles, be the set of the local components of the residual spectrum
L, (G(F)\G(A))(ax)- It is of great importance to prove that Tles, C
I1,, for some 1), and the multiplicity formula (3.1) holds: In other words,
the Arthur parameters parametrize the residual spectrum. For this, it is
necessary to construct a set of characters Cres, C 61; attached to I, .

We should note that Arthur’s trace formula will not separate the cuspi-
dal part from the residual one and therefore one needs to study the residual
spectrum by computing the residues of Eisenstein series. It is noted that the
first exotic example of the residual spectrum of the split group G, which
was discovered by Langlands and further studied later by Moeglin and Wald-
spurger, has been of significance to Arthur in formulating his conjectures.

There are two problems in calculating the residual spectrum. The first
problem is global. It is concerned with calculating the residues of the
Fisenstein series via the constant term of the Eisenstein series. Computing
residues of Eisenstein series is a very difficult problem and requires both the
knowledge of the poles of corresponding automorphic L-functions, as well as
handling very difficult computational combinatorics. These computations
are already highly non-trivial even for rank 2 split groups. For example, for
the split group G2, the Eisenstein series, built out of the maximal parabolic
subgroup attached to the long simple root, contains the third symmetric
power L-function of GLo. The precise location of the poles of the third sym-
metric power L-function was resolved only in the recent work of [Ki-Sh2]
(see the introduction of the paper for the long history). The Eisenstein series
built out of the minimal parabolic subgroups do not present a problem with
regards to poles of automorphic L-functions since the L-functions are Hecke
L-functions. However, in this case, cancelation of poles of the normalized
intertwining operators presents a problem. Even for Sps [Kil], one has to
use a non-trivial fact on the subtle analysis of the normalized intertwining
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operators for SLy due to Labesse-Langlands [L-La]. The second problem
is local. It is concerned with calculating the image of the normalized local
intertwining operators of the generalized principal series. While the unitary
principal series are well understood thanks to the Knapp-Stein R-group the-
ory, the generalized principal series are not. Moeglin’s result [M1] on the
unramified principal series of the split classical groups seems to be most
satisfactory so far.

At this moment, the most satisfying result about the residual spectrum
is due to Moeglin-Waldspurger [M-W2] who completely determined the
residual spectrum for GL,, and Arthur [A2] gave the Arthur parameters for
them. Their result is that the residual spectrum for GL,, is parametrized
by the cuspidal representations of GL,, and the principal unipotent orbit
of GLx (C), where m|n. As we observed, Arthur’s parameters require the
introduction of the hypothetical group Lr. However, there are parts of it
that can be parametrized by our existing knowledge. This is the case in
particular, if the Eisenstein series is built out of minimal parabolics. In
this case, Ly can be replaced by the global Weil group Wg. Therefore, we
will restrict ourselves to the study of L3 (G(F)\G(A))(r,y), where T is a
maximal split torus and x is a unitary character of T

When G is a split classical group and y is trivial, Moeglin [M1] completely
solved the problem with the restriction that archimedean components are
spherical. In this case the Arthur parameter is given by

1/1 : WF X SLQ((C) — G*,

where Y|y, = 1 and 9|gz,(c) is determined by a distinguished unipotent
orbit of G*. Recall that the Springer correspondence is an injective map
from the set of irreducible characters of W, the Weyl group, into the set
of pairs (O,n), where O is a unipotent orbit and 7 is an irreducible char-
acter of A(u) = C(u)/C(u)?, u € O, where C(u) is the centralizer of u in
G*. Let Springer (O) be the set of characters of A(u) which are in the im-
age of the Springer correspondence. Then Moeglin’s result is that the local
components of the residual spectrum are parametrized by the distinguished
unipotent orbits O of G* and Springer (O). Let Unip(O) be the set of the
local components of the residual spectrum. Then there is a pairing between
Unip(O) and Springer (O) which gives a desired Arthur’s multiplicity for-
mula (3.2).

Moeglin [M4] also constructed the local representations associated to the
remaining characters of A(u) which are NOT in Springer (O). These should
be local components of cuspidal representations. She [M5] obtained a partial
result on how to determine when 7 € IL; is a cuspidal representation. It
would be an important but a difficult problem. We note that Lusztig [Lul]
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has a theory of the generalized Springer correspondence which gives the
remaining characters of A(u).

In this paper, we will extend Moeglin’s result when y is an arbitrary
unitary character of T'. For simplicity, we will describe the result for G =
Span. Because the result in [Ja-Ki| for Spa,, O2, is not complete, our result
for Spa,, is not complete. This is due to the fact that Barbasch-Moy’s result
[B-Mo2] is not available for disconnected groups like Os,. However, we
obtain a complete result for SOsg,11. Nevertheless, the symplectic group
case will illustrate the technique and the heart of the matter.

As in [M1], we use G* = O2,4+1(C) to denote its dual group. Let
Wi,... ,ux be k distinct non-trivial quadratic grossencharacters of F. Fix
integers r; > --- > rp > 2 and rg so that 1o +7r1 + --- + 7 = n. Then
X = X(H1y e s lyeeny ey vn s iy 1, .., 1). We showed in [Ki-Sh] that only

N—_——

T1 Tk 70
the character of the above type contributes to the residual spectrum. The
character y defines a homomorphism of the Weil group Wy into a Cartan
subgroup of SO3,4+1(C). Composing this homomorphism with the stan-
dard action of Og,11(C) on C?>"*! will then give a completely reducible
representation of Wr on C?"*! which decomposes according to eigenval-
ues [41,... , g, and 1, with multiplicities 2rq,... ,2rg, and 2rg + 1, respec-
tively. Write C*"* = Vy @ Vi @ ... @ V}, where each V;,dimV; = 2r;, is
the eigenspace attached to eigenvalue p;, 1 < ¢ < k, and Vj is the triv-
ial eigenspace of dimension 2ry + 1. In this way we get an embedding of

k
[T O(V;) € O2,41(C). For each i, 0 < i < k, let O; be the distinguished
i=0

unipotent orbit of O(V;). Then Arthur parameter of interest to us is a
homomorphism

k
W : Wr x SLy(C) — [ O(Vi) € O2041(C),
=0
satisfying,

(1) G Wr = w s 1% () % -+ % pp(w) € {1} x (&1} x - x {1},
where {£1} is the center of O(V;) for i =0,... , k.
(2) By Jacobson-Morozov theorem, 1|7, (c) defines the unipotent orbit

1%, 0 of G*.
The unipotent orbits O; determine, through the Jacobson-Morozov’s the-
orem, certain conjugacy class of unramified characters of T. Let Ag =

A0+ ..+ Ao + Ao be the one in the positive Weyl chamber. To 1,
Arthur associates a Langlands’ parameter ¢y;:

¢y : Wp —— O2,41(C),
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1
where ¢y (w) = 1 (w, (]ug|2 | ?_1>>. It is given by ¢y = x ® exp(Ao,
wl|™ 2
Hp()). Its non-tempered part is qﬁ;z = exp(Ao, Hp()).

In [Ki-Sh], we studied the special case when O; is the unipotent orbit
of the form (2r; —1,1) for ¢ = 1,... ,k and Oq is of the form (279 + 1).
This is the opposite of the trivial character case. In this case, we showed
that the local components of the residual spectrum in Ily,, are parametrized
by the Knapp-Stein R-group of the unitary principal series I, = Ind %40 X
where M is the Levi subgroup whose L-group is M* = Cent(imgé;f, G*). We
note that M is of the form GL,,, X ---x GLy, x Spa,. Keys-Shahidi pairing
[Ke-Sh] gives a desired multiplicity formula (3.2). We note that the method
of [Ki-Sh] can only prove “if” part in (3.2). We need the inner product of
pseudo-Eisenstein series to prove “if and only if.”

In general case, the Knapp-Stein R-groups are not enough. Our result is
that the local component of the residual spectrum Cies, is parametrized by
the unipotent orbits O;, i = 0, ... , k and [Springer (Og) X - - - X Springer (O)],
where [ ] is defined as follows (see Theorem 6.2.2): If py1, = poy # i for
i=3,...,k, then we replace Springer (O1) x Springer (O2) by

C (01, Oz, p1y) = {n € Springer (O) : n|a(0,) € Springer (0;), for i = 1,2},

where O is a unipotent orbit of Sp(2(r1 + r2),C) by combining O;, Oz. In
Section 6, we show that the calculation of the residues of the Eisenstein series
is reduced to that of the Eisenstein series of O, X - - - X O, X Spa,, attached
to the trivial character. There remains a local problem of calculating the
image of the normalized local intertwining operators. This has been taken
care of by [Ja-Ki|, under some assumptions that Barbasch-Moy’s result
[B-Mo2] holds for disconnected group Oa,,. Therefore for symplectic groups,
the result is not complete. We review the result in Section 6.

In Section 3, we review quadratic unipotent Arthur parameters and
Moeglin’s reformulation of Arthur’s conjecture on the multiplicity formula.
In Section 4, we review Eisenstein series and pseudo-Eisenstein series in
the sense of [M-W1] attached to a character of a Borel subgroup. In Sec-
tion 7, we show how automorphic representations obtained by Kudla-Rallis
[Ku-Ra] by considering degenerate principal series, are fit as a special case.
In Section 8, we explain how the result in [Ki-Sh] is fit as a special case.
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for many discussions. Without his help on local questions [Ja-Ki|, this
paper could not have been finished.
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1. Preliminaries.

Let F be a field and let G = SOay,41, Spay, or SOy, over F. Let J, be the
n X n matrix given by

Let J}, = (—J Jn). Then

Sp(2n) = {g € GL(2n)| "9J39 = T3} .
and
SO(n) = {g € GL(n)| 'gJng = Jn;det(g) = 1}.
In each case we let T be the maximal split torus consisting of diagonal
matrices in G. Then

I
la
ln .
T(F): t(ll,... ,ln): -1 lje F* 5,
It
It )
if G = Sp(2n) or SO(2n), and
ly
la
ln
T(F) =< t(ly,....,1ln) = 1 l, € F*
It
It
it

if G=502n+1).
Let ®(G,T) be the roots of G with respect to . We choose the ordering
on the roots so that the Borel subgroup B is the subgroup of upper triangular
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matrices in G. Let A be the simple roots in ®(G,T') given by A = {¢;}
with aj =ej —ejrq1 for 1 <j<n-—1, and

n
j=1>

€én G=5S02n+1),
Ay = 2671 G - Sp(2n)7
en—1+e, G=S0(2n).

We let (,) be the standard Euclidean inner product on ®(G,T). If ® is a
root system of type B, Cy, or D,, then we denote by G(®) the split group
with root system ®.

For G = SO(2n + 1) or Sp(2n), the Weyl group W(G/T) ~ S,, x Z§. S,
acts by permutations on the \;, ¢ = 1,...,n. We will use standard cycle
notation for the elements of S,,. Thus (ij) interchanges A\; and \;. If ¢; is
the non-trivial element in the i-th copy of Zs then ¢; takes A; to )\i_l. The
element ¢; is called a sign change because its action on ®(G,T) takes e; to
—e;. For G = SO(2n), the Weyl group is given by W(G/T) ~ S, X Z;L_l.
S, acts by permutations on the \;, and ngl acts by even numbers of sign
changes. The requirement that the number of sign changes be even comes
from the determinant condition in SO(2n). Note that the sign change ¢;
is an element of O(2n) and normalizes T'(F'). Each ¢; acts on SO(2n) by
conjugation, and ¢, induces the non-trivial graph automorphism on the
Dynkin diagram of ®(G,T).

2. Unipotent orbits of classical groups over C.

Theory of Jordan normal forms implies that a unipotent matrix in GLy is
conjugate to J(p1)®J(p2) - - -©J(ps), p1 > p2 > -+ > ps, pr+pat--+ps =
N, where J(p) is the p x p Jordan matrix with entries 1 just above the
diagonal and the diagonal and zero everywhere else. Therefore unipotent
classes in GLy are in 1 to 1 correspondence with partitions A of N. We use
the following standard notation for A\: A = (1™,2",3™,...), where r; is the
number of p; equal to j.

Let G be a classical group, of type By, (O2,+1(C)), C,, (Sp2,(C)) or D,
(O2,(C)). We start with the following facts:

(1) X, X' € G are conjugate in G if and only if they are conjugate in
GLy,N =2n+1 or 2n.

(2) Let X € GLy be unipotent. Then X is conjugate to an element of G
if and only if r; is even for even ¢ in the orthogonal case and for odd ¢
in the symplectic case.

Therefore for G = O2,+1(C), unipotent classes are in 1 to 1 correspondence
with partitions A of 2n + 1 such that r; is even for even 1.

Let u be a unipotent element in G and let S, be its centralizer in G. Then
we have:
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(3) In the orthogonal case (resp. symplectic) case, S, /S5 is k product of
Z./27, where k is the number of odd (resp. even) i such that r; > 0.

Here we note that for G = GLx(C), the centralizer Z;(S) is connected
for any subset S of G.

We say that a unipotent element u is distinguished if all maximal tori of
Cent (u, G) are contained in the center of G°, the connected component of
the identity. This is equivalent to the fact that the unipotent orbit O of u
does not meet any proper Levi subgroup of G (Spaltenstein [Sp, p. 67]).
(Le., if L is a Levi subgroup of a parabolic subgroup of G and u € L for a
u € O, then L° = G°.) If G = O2,41(C), then G° = SO2,11(C) and G°
has trivial center. By Carter [C], for G = O2,41(C) or O2,(C), if u is a
unipotent element with Jordan blocks (17,272, ...), then the reductive part
of the connected centralizer Cent(u,G)° is of type

H Crj2 X H D, /5 x H B, —1)2-

i even i odd, r; even i odd, r; odd

Therefore, O is a distinguished unipotent class if and only if it has Jordan
blocks (1,37 5" ...), where r; = 0 or 1.

Jacobson-Morozov Theorem. Suppose u is a unipotent element in a
semi-simple algebraic group G. Then there exists a homomorphism ¢ :

S Lo —— G such that ¢ <(1) }) = u.

Here, replacing ¢ by a conjugate under G, we can assume that ¢ (8 a01>

is in the closure of the positive Weyl chamber in the maximal torus. In
fact, by the theory of weighted Dynkin diagrams (cf. Section 5.6 of [C]),

0 . . . . .
¢ 8 a1 1 uniquely determined by the unipotent orbit of u as follows

(Carter [C, p. 395]):

Suppose O has Jordan blocks (di, ds, ds, ... ). For each d;, we take the set
of integers d; — 1,d; — 3,... ,3 —d;, 1 —d;. We then take the union of these
sets for all d; and write this union as (£1,£2,&3,...) with & > & > &> ...
Then

(2.1) 0] (8 a91> = diag(a®',a®?,a%,...).

Lemma ([B-V, Prop. 2.4]). Let u be a unipotent element and ¢ : SLy —

G be a homomorphism such that ¢ ((1) 1 =u. Let Sy = Cent(im¢,G) C

Sy = Cent(u, G) and U™ be the unipotent radical of S,. Then:
(1) Sy =Sy -U", a semi-direct product. Sy is reductive.
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(2) The inclusion Sy C Sy induces an isomorphism between Sy/S3Z¢ and
Su/SeZc.

3. Quadratic unipotent Arthur parameters.

We follow Moeglin [M3]. Let F' be a number field and let Wr be the global
Weil group of F'. Let G = Spay, SO2n41, O2, and we can take the dual group
G* = O2,41(C), Span(C), 02, (C). An Arthur parameter is a homomorphism

Y Wp x SLQ((C) — G¥,

with the following properties: (The usual definition of Arthur parameter
uses Langlands’ hypothetical group Lp instead of Wr. But since we are
only dealing with Langlands’ quotients which come from principal series,
W is enough.)
(1) ¥(Wp) is bounded and included in the set of semi-simple elements of
G*.
(2) The restriction of ¢ to SL2(C) is algebraic.
(3) Composing 9|y, with the determinant of G* gives a quadratic char-
acter of Wg, denoted by det . We want dety = 1.
We call an Arthur parameter quadratic unipotent if the following
condition is satisfied:
(4) 9|w, is trivial on the intersection of the kernels of the quadratic char-
acters of Wp.

Because of conditions (1), and (4), the action of ¢¥/(WF) gives an orthog-
onal decomposition:

(C2n+1’(c2n:‘/l@___@vk@‘/07

where dim Vo = 2rg 4+ 1 or 2rg, dim V; = 2r;, 2rg + 1 +2r1 + - - - 4+ 2rp =
2n 4+ 1,2n, r1 > --- > ri and V; is the eigenspace with eigenvalue p;. Here

Wi, , g are non-trivial distinct quadratic grossencharacters of F, viewed
as characters of Wg, and dim V;, i = 1,... ,k, being even comes from con-
dition (3).

The parameter v factors through Hf:o G7, where

x O(‘/z)a if G = Span, O2n .
L Sp(V), i G =504

k
b Wr x SLy(C) — [ G-
=0

(1) W is mapped into the product of centers of G
YIWE:wr— 1 X pp(w) x -+ X pp(w) € {£1} x {£1} x -+ x {£1},
where {£1} is the center of G, for i =0,... , k.
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(2) By Jacobson-Morozov theorem, gy, (c) defines a unipotent orbit of

G* of the form
k
H Oi7
i=0

where O; is a unipotent orbit of G. Inside O; we fix an element wu;

such that
k
1 1
v (o 1) - 11)“
1=

Let Sy = Cent(imy, G*) and
C’lﬁ = S’L/)/SI?)ZG*

We know that Sy, is a maximal reductive subgroup of Hf:o Cent (u;, GY).
Therefore S, = 1, i.e., Sy is finite if and only if each u; is a distinguished
unipotent element in G . Especially, since O2(C) has no distinguished unipo-
tent element, we have:

Lemma. Let be a quadratic unipotent Arthur parameter. Suppose SIZ =1.
Then r, > 2.

Now it is clear that Sy /Sj Zg+ is equal to

k
Cent (ug, Gp)/Cent (ug, Gg)° Za: H Cent (u;, G7)/Cent (u;, G)°.
i=1
Here Cent (u;, G})/Cent (u;, G})° is t product of Z/2Z, where t is the number
of ¢ with r; > 0 in Jordan blocks.

For each place v of F, we have a map 1, = 1/)|WFU><SL2((C)' As in global
case, we can then define Sy,. But in the local case, j;, may not be distinct.
Suppose fi1y = oy F Wiy for i = 3,...  k and p1, # 1. Then in the above
formula,

Cent (u1,G7)/Cent (u1, G7)° x Cent (uz, G3)/Cent (ug, G3)°
must be replaced by
Cent (u1 X u2,Gl5)/Cent (u1 X ugz, G79)°,

where G715 = O(V1 @& Va) or Sp(V1 @ V2). Now we recall Moeglin’s reformula-
tion of Arthur’s conjecture ([M3]): It is a part of local Arthur’s conjecture
that for each irreducible character n, of Cy, , there exists an irreducible
representation (1, 1,). For each v, let I, be the set of w(y,ny).

We define the global Arthur packet I, to be the set of irreducible rep-
resentations m = ®,m, of G(A) such that for each v, 7, belongs to Il .
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Arthur’s Conjecture (Global).

(1) The representations in the packet corresponding to ¢ may occur in the
discrete spectrum if and only if Sy is finite, i.e., S:Z = 1. We call such
an Arthur parameter elliptic.

(2) For an elliptic Arthur parameter v, any 7 € Iy, occurs in L (G(F)\

G(A)) if and only if

(3.1) S [ e £0,
55601/, v
where ™ = @, (Yy, Ny), T = (y). Note that, if Cy is abelian, (3.1) is
equivalent to

(3.2) [Imle, =1,

when Y|y, is trivial.
We define
(3-3) LH(G(F)\G(A))y = Iy 0 L, (GIF)\G(A)).

Remark 3.1. For split classical groups, Cy is abelian and Moeglin [M2]
proved the multiplicity formula (3.2). However, in general, Cy; is not abelian.
For example, in the case of split exceptional group of type G2, Cy can be
S3, the symmetric group on 3 letters. This fact leads to a “bizarre” multi-
plicity formula in Moeglin-Waldspurger’s work on the residual spectrum of
Gy [M-W1, Ki2|.

Let I s, be the subset of II,, which consists of the local components of
the residual spectrum. It is of great importance to parametrize the elements
in Iles, and prove the multiplicity formula (3.1), i.e., we will construct a
set of characters Cres, C 51; and each character of Cles, gives an element
in e, -

Remark 3.2. To any Arthur parameter ¢, Arthur associates a Langlands’
parameter ¢y, : Wp —— G™ as follows:

oo (7 2)

Let Sy, = Cent (im ¢y, G*) and Cy,, = S%/S;d)ZG*. For each place v, we
have S, , Cs, . For each v, there is a natural surjection Cy, — Cp,, . The
parameter ¢, gives a L-packet I, ~which consists of Langlands’ quotients.
It is a part of Arthur’s original local conjecture that for each place v, there
is a pairing (, ) on Cy, xIls, —and an enlargement IIy, of Il ~which
allows an extension of (, ) to Cy, x Il such that 7 € H% C I, if and

only if the function ( ;7) lies in the image of C¢ 5y N C¢ Since Cy,, i



428 HENRY H. KIM

abelian in our case, giving a pairing between Cy, and I, is the same as
giving a character of Cy, .

Note that in the unipotent case (Moeglin’s case) where 1|y, is trivial,
Cs,, = 1. Therefore, Iy~ consists of only one element, that is, the spherical
one. So there is no non-trivial extension to ILy, .

4. Eisenstein series attached to Borel subgroups.

Let o be the coroot corresponding to o € ®* (G, T). Explicitly, for a =
e; —ej, V() =t(1,...,0,..., "7 ... )1) € T(F) for 1 <i < j <mn. For
i j

a=e¢e+ej,a’(l)=1t1,...,1,...,1,...,1),for 1 <i<j<n. For a=2e,
i J
av(l)=t(1,...,l,...,1) for 1 <i < n. Here dots represent 1.
1

Let X(T') (resp. X*(T)) be the character (resp. cocharacter) group of 7T
There is a natural pairing (,) : X(T) x X*(T) — Z. For o, € ®(G,T),
(B,aV) = 2(8,a)/(a,a), where (, ) is the standard inner product in
(G, T). Let wi = e; + -+ e;. Then wy,...,w, are the fundamental
weights of G with respect to (G,T). (If G = Spay, since G is simply
connected, X(T) = Zwy + -+ + Zw, and X*(T) = Zoy + ---Zo,!.) Set
a* =XT)®R, af = X(T)®C, and a = X*(T) ® R = Hom (X(T),R),
ac = X*(T') ® C. The positive Weyl chamber in a* is

CT={)ea*|(\a’) >0, forall a positive roots}

n
= {Zaiwi| a; > 0} .
i=1

We fix a non-trivial additive character vp = ®,¥p, of A/F and let
L(z, ) be the Hecke L-function with the ordinary I'-factor so that it satis-
fies the functional equation L(z,u) = e(z, u)L(1 — z,u~ 1), where e(z, ) =
11, €(z, v, ¥r,) is the usual e-factor. If p is the trivial character pg, then
we write simply L(z) for L(z, p9). We have the Laurent expansion of L(z)
at z =1: (")

c(F
L(z) = =2 .
(2) ——ptat
4.1. Definition of Eisenstein series. For p1, ... , iy, grossencharacters of
F, we define a character x = x(u1,... ,un) of T(A) by

Xt p) (0 1)) = () - (T

Let B = TU, where U is the unipotent radical. Let I(x) be the space
of functions ® on G(A) satisfying ®(utg) = x(¢)®(g) for any u € U(A),
t € T(A) and g € G(A). Then for each A € af, the representation of G(A)
on the space of functions of the form

g — ®(g)exp(A+ pB, Hp(g)), ® <€ I(x),
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is equivalent to I(\, x) = IBI%X ® exp(A, Hg( )). We form the Eisenstein

series:

E(g.;, )= >, (9,
YEB(FN\G(F)
where f = ® eMreHe( ) ¢ I(), x) and pp is the half-sum of positive roots,
ie., pg = w1 + -+ +wy,. It converges absolutely for ReX € C* + pg and
extends to a meromorphic function of A. It is an automorphic form and the
constant term of E(g, f,A) along B is given by

Eo(g. /.0 = [ E(ug, f,\) du= 3" M(w,\x)f(9),
U(F)\U(A) o
where W is the Weyl group of T" and
Mw AF) = | F(wug) du
wU(A)w—INU(A)\U(A)

Then M (w, A, x) defines an intertwining map from I(\, x) to I(wA, wy) and
satisfies a functional equation of the form

M(’UJl’UJQ, >\a X) = M(wla ’UJ2>\, wQX)M(w2> >‘7 X)

Let S be a finite set of places of F', including all the archimedean places
such that for every v ¢ S, xy, ¥F, are unramified and if f = ®@f,, for v ¢ S,
fv is the unique K,-fixed function normalized by f,(e,) = 1. We have

M(w, )‘7 X) = ®vA(w7 )‘7 Xv)'
Then by applying Gindikin-Karpelevic method, we can see that for v ¢ S,

_ L((\ oY), xwoa¥) =
A(w, A\, xw) fo = H L((A,av)+1,xu0av)f”’

a>0,wa<0
where ﬁ, is the K,-fixed function in the space of I(wA, wy). For any v, let

H L(<)‘7 av>aXv Oav)
LA\ aY) + 1L xp 0 aV)e((A, a¥), xp 0 @V, 9p,)

ry(w) =
a>0,wa<0

We normalize the intertwining operators A(w, A, x,) for all v by
A(w, A, Xv) = TU(M)R(IU, A, Xv)'
Let R(w, A\, x) = @y R(w, A\, x») and
L({\,aY),xoaY)
= Hv [ - .
T(w) T (w) H L(<)\701V>+17X°04v)6(<)\70év>,xoav)

a>0,wa<0

Here R(w, A, x) satisfies the functional equation

R(wiwa, A, x) = R(wi, wa\, wax)R(wa, A, x),
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for any wy, we. We know, by Winarsky [W] for p-adic cases and Shahidi
[Sh3, p. 110] for real and complex cases, that

(4.1) Aw, A\ xo) ] Lo(Xa¥)xwoa”)™

a>0,wa<0

is holomorphic for any v. So for any v, R(w, A, x») is holomorphic for A with
Re((\, aY)) > —1, for all positive o with wa < 0. For x = x(u1, ..., fin),

,uiuj_l, for a =e; —¢;
Yoo = piftj, forao=e;+e;and i <j
iy for a = 2¢;

,u?, for a = e;.

For a € %, let Sy = {X € af|(\,a¥) = 1}. We call S, a singular
hyperplane. We say that E(g, f,\) has a pole of order n at Ay if Ao is
the intersection of n singular hyperplanes in general position on which the

Eisenstein series has a simple pole.
For ¥ C ®T, we define r(w, A\, ¥) by

L((A,aY),xoa")
\U) = '
r(w, A\, ¥) ae‘ljl;[a<0 L\ oY)+ 1,xoaY)e((\,aY),xoaY)

Observe that we have suppressed the dependence of r(w, A, ¥) on .

4.2. Definition of pseudo-Eisenstein series. We follow Moeglin [M1]
and introduce pseudo-Eisenstein series. For T" a maximal torus, a character
x of T(A)/T(F) defines a cuspidal representation of 7. For any w € W,
wTw™! =T and so (T,wx) is conjugate to (T,x). Let I(x) be the set of
entire functions ¢ of Paley-Wiener type such that ¢(\) € I(A, x) for each A.
Let
1 n
o) = (5) [ Bla.onan
Rel=M\g

21

where \g € pp + CT. Let
LX(G(P)\G(A))(1,y);

be the space spanned by 6 for all ¢ € I(wy) as wy runs through all dis-
tinct conjugates of x. Let L3, (G(F)\G(A))r,) be the discrete part of
L2(G(F)\G(A))(1,)- It is the set of iterated residues of E(g, ¢(\), A) of or-
der n and the residual spectrum attached to (7, x). In order to decompose
L% (G(F N\G(A)) (1), we use the inner product formula of two pseudo-
Eisenstein series: Let y and x’ be conjugate characters and ¢ € I(x),
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¢ € I(x'). Then

Ob0) = [ (M ks (—u) 6() da

(2mi)" weW (x,x’)
1 _
_ 3 (M(w, A X)), ¢ (—wh)) dA,
(27TZ)n /I;BA_AO wEW(Xaxl)( (w X)¢( ) ¢ ( v ))

where W (x, x") = {w € W]wyx = x’}. We can assume, after conjugation,
X:X(ul,...,ul,...,Mk,...,uk,l,...,l), o+ +rg=mn,71 > 2> 1g,
——
[ Tk 0

where p;’s are non-trivial distinct quadratic grossencharacters. Let D be
the set of distinguished coset representatives in Proposition 6.2.2. Then
{dx|d € D} is the set of distinct conjugates of x.

Following Moeglin [M1], we consider the constant term of the pseudo-
Eisenstein series:

oA x) = D M(w™ wh, wy)p(wA).

weW
Here Y o M(w™t, wh, wx)¢(w) signifies

S DD M wx wx)a(w)) |
deD \weW (x,dx)
where ¢4 € I(dx). Here M(w™, wA, wy) = r(w™! w\, wy)R(w™L, w\, wy).
We show the following:
Lemma 4.1. (1) r(w, )\, x) = 7(w, \, X),
(2) r(w™ wA,wx) =r(w, =\ x™").

Proof. (1) is immediate. We note that if x = x(u1,... ,tn), then x7! =

x(ur', - pnt). Then

L({wA, aV), (wy) o oV
11 ( ), (wx) o a¥)

r(w™, wA, wx) = L({wX,aV) + 1, (wy) o a¥)’

a>0,wla<0
Let v = —w ta. Then {a > 0lw™la < 0} = —{vy > Olwy < 0}.

If a = ¢ e, (WA, a¥) = (wh,a) = N\wla) = —(\,7) = =\, ).
If o = 2e;, then (wA, ") = F(wA,a) = $(A,wla) = —(A\,7). Also we
can see that wy o (wa)Y = x o a”. Therefore, (wy)oa¥ = x o (w™la)" =
xo (=) = x"!'oyY. Hence (2) follows.

If x is a quadratic character, i.e., x~

T X) = ) r(w, =X\ X)R(w ™ wh, wx)p(w).

weWw

1 =y, then
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Even though Moeglin completely analyzed the continuous spectrum as
well, we will only be interested in the discrete spectrum. Let (, )qgis be the in-
ner product on L% (G(F)\G(A))(r,). The discrete spectrum is spanned by
the square integrable iterated residues of order n of Ef’ S(¢, A, x). More pre-
cisely, EéD s (¢, A, x) has a simple pole on n singular hyperplanes Hi, ..., H,
which are the poles of the L-functions in the numerator of the normalizing
factor and whose intersection is A\g. Then we have to take iterated residue
at Hi,HiNHs,...  H Nn---NH,.

Let us summarize Moeglin’s arguments. Here y = 1 and we suppress it:
Moeglin showed that only the points A,, where p € P(O) and O is a dis-
tinguished unipotent orbit (see Section 5), contribute the square integrable
residues. She also found n singular hyperplanes Hy, ... , H, whose intersec-
tion is Ap. In order to take the iterated residue at Hy, Hy N Ha,... ,H1 N
--- N Hpy, Moeglin defined the following function, for a certain Weyl group
element wy,

(¢, )) = D r(w, =N R(wpw™ ", wA)g(w).

weW

Poles of I,(¢, A) in a neighborhood of A, are contained in the local inter-
twining operators. She showed that I, (¢, Ay) can be defined inductively by
restricting I, (¢, A) to Hi, HiNHy, ... ,HiN---NHy,. l,(¢, Ap) is the iterated
residue of EF'¥(¢, A) and spans the residual spectrum L2, (GFON\G(A))(7,1)-
lp (¢, Ap) belongs to &) Ry (wp, Ap)Iy(Ap). She analyzed the image of the lo-
cal intertwining operator R, (wy, Ap)Iy(Ap) and verified Arthur’s multiplicity
formula. We will review her result in detail in Section 5.

In Section 6, we calculate the constant term of the pseudo-Eisenstein
series for a general y and show that we can reduce the calculation of the
poles to that of the trivial character case and apply Moeglin’s result.

5. The trivial character case; summary of Moeglin’s result.

Moeglin [M1] completely analyzed the residual spectrum of Spay,, SO2,41
and split Os,, attached to the trivial character of the maximal torus. Her
results also completely describe continuous spectrum. Her results are that
the residual spectrum of split classical groups attached to the trivial char-
acter of the maximal torus is parametrized by distinguished unipotent or-
bits O in G* and Springer (O), which is a set of characters of A(u) which
are in the image of the Springer correspondence and A(u) = C(u)/C(u)°,
C(u) = Cent (u, G*), u € O. Recall that the Springer correspondence is an
injective map from the set of irreducible characters of W, the Weyl group,
into the set of pairs (O,n), where O is a unipotent orbit and 7 is an irre-
ducible character of A(u). We refer [Ja-Ki| for the review of her results.
We just remark that since we are only interested in discrete spectrum, we
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need to consider distinguished unipotent orbits, i.e., » = 0. In that case we
get an explicit order of the set Springer (O).

Lemma 5.1. IfO = (q1, ..., qs) is a distinguished unipotent orbit in Oay,(C)
or O2,41(C) (thus ¢; odd), then

Springer (O)] = sClg).

Proof. Let Symb (O) = (a1, ... ,as) (see [M1, p. 663]), where a; = [£] + 1.
We note that a; < a;4+1 —2 for all i. (If we set ¢; = 2r; + 1, ¢iy1 = 2111 + 1,
r; < riy1, then a; =r; +i and a;41 = rip1 +1+ 1.)

Let S = (df, ... ,a}) beaclass of Symb (O). Then it satisfies: (af,... ,a})
coincides with Symb (O) and a} < aj,,—2fori=1,...,s—2. For such class
S, define 7, a character of A(O) by: n(o(g;)) = 1 if and only if {j : @} = a;}
contains an element which has the same parity as i. Then it defines a
bijection between classes of Symb (O) and Springer (O). It is clear that the
number of classes of Symb (O) is sClz)-

If s is odd, let s = 2r + 1. Then ,C[3] = 2,110y ~ 22,

We interpret Moeglin’s results in terms of Arthur’s parameters:

Theorem 5.2 (Moeglin). Let G = Spay, SO2p41,02,,. Then the residual
spectrum of G attached to the trivial character of the torus is parametrized
by unipotent Arthur parameters

W : SLy(C) — G,

which are given by distinguished unipotent orbits in G* = Ogy,4+1(C), Sp2,(C),
02, (C). More specifically, for O a distinguished unipotent orbit, let Cres =
Springer (O) C Cy, and I,es = Unip,(O) C Iy, for all finite places. For
each X € Iy, there is a character nx € Springer (O) and it satisfies
Arthur’s conjecture. i.e.,

Liis (GUP\G(A))(1,1) N LH(G(F)\G(A))y,

is the set of m = ®,X,, where X, satisfies the following conditions:

(1) There exists p € P(O) such that X, € Unip,(p) for all v, i.e., nx
factors through A(p).

(2) X, is spherical for almost all v and archimedean places.

(3) 11, nx, is trivial on A(O).

6. Arbitrary character case.

We first do the simple case to explain our method.
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6.1. The case G = Spy, and x = x(u,..., ), p non-trivial and qua-
dratic grossencharacter.Let ®; = {¢; £ ¢;, 1 < i < j < n} and
Dy = {2¢;, i=1,...,n}. Then for @ € &1, yoa"' =1 and for a € P,
xoaV is non-trivial. Then the constant term of the pseudo-Eisenstein series
is given by

FINex) = D r(w, =X\ x)Rw ™ wh, wx)é(w))
weW

= Z T(w7 _)‘7 (I)l)r(wa _)\a <I)2)R(w_1, W)‘a wx)d)(w)\)
weW

We note that for f € Ind%” exp(A, Hp( )),
FIOLE) =D r(w, =X\ @) Rw ™ wA) f(wh),

weWw
is a pseudo-Eisenstein series for O, attached to the trivial character of
the maximal torus. Since y o " is non-trivial for a € ®9, r(w, —\, P2) is
holomorphic.
Let O be a distinguished unipotent orbit in O,(C) and p € P(O). Let,
for ¢ € PW,

lP ()‘7 Qb, X) = Z r(w, _)‘7 X)R(wpw_lv ’lU)\, wX)Qs(w)‘)
weW

Since r(w, —A, ®1) is identically zero on V'(p) if w ¢ W(1,p), the restric-
tion of I,(\, ¢, x) to V'(p) is given by

Lp(0, X X) vy = Z r(w, =\, ®@1)r(w, =X, <I>2)R(wpw_1,w)\,wx)¢(w)\).
weW(1,p)

By the definition of W(T,p), the poles of ly(¢, A, x)|y(p) is contained in

r(w,—\, ®1). Therefore we apply Moeglin’s global result for Os, in the
trivial character case, i.e.,

<0¢’70¢>dis = Z Z Cp )‘p X)5 l[p](¢7)‘p’ X)))-

OCO2,(C) peP(O
We have
Ip (&, Aps X) € @Ry (wp, Ap, X)I(Ap, Xo)-
From [Ja-Ki|, we summarize the result on the image of the local intertwining
operator Ry (wp, Ap, X)I(Ap; Xo)-

Theorem 6.1.1 (Theorem 3.4.7 of [Ja-Ki]). Let O be a distinguished uni-
potent orbit in Oz, (C) and p € P(O). Then Ry,(wy, Ap, X)I(Ap, Xv) is semi-
simple. Let Unip(p, py) be the set of direct summands and Unip(O, u,) be
the set of union of Unip(p, tty). Then for each X € Unip(O, p,), there is a
character nx € A(O) such that:

(1) If gy # 1, then C(O, uy) = {nx|X € Unip(O, p,)} = Springer (O).
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(2) If py =1, then

C(0, pw) = {nx|X € Unip(O, )}

) Springer (O), if O does not contain 1
| Springer (0'), if O contains 1,

where O' = O — {1}.
So we have:

Theorem 6.1.2. Let x = x(, ... ,p), p non-trivial quadratic gréssencha-
racter. Then the residual spectrum attached to x is parametrized by the dis-
tinguished unipotent orbits in Os,. More specifically, a distinguished unipo-
tent orbit O € O2,(C) and x give a quadratic unipotent Arthur parameter 1
and let Cres,, = C(O, i) C Cy,, and Il;es, = Unip(O, py) C Iy, for all non-
archimedean places. For each X € Ilyes,, there is a character nx € Cles,
and it satisfies Arthur’s conjecture, i.e.,

Liis (GIFNG(A)) (1,50 N L (G(F)\G(A))y,
is the set of m = ®} X,,, where X, satisfies the following conditions:

(1) There exists p € P(O) such that X, € Unip,(p, p) for all v.
(2) X, is spherical for almost all v and archimedean places.

(3) TI, nx, is trivial on Cy.

6.2. General case. For y a non-trivial character, we can assume, after

conjugation, that x = X (1, .-« s 1y e vy flkye vy by Lyeney 1), 7o+ 41 = 1,
—_—— —_—— ——
T1 Tk To
1> - > 1ri. We use the following notation throughout this section:
( ) If G Sp(2n), G' = G} x --- x G}, x Gy, where G, = O(2r;) for
i=1,....k, G = Sp(2ry). Also we denote G} = O(2r;,C) for i =

1,. k GO—O(27“0—|—1 C).

(2) Tf G SO(2n+ 1), G’ =G| x - x G x Gy, where G}, = SO(2r; +1)
fori=1,... ,k, Gy = 50(27“0 +1). Also we denote G} = Sp(2r;, C)
fori=1,... ,k, G§ = Sp(2ry,C).

(3) If G = O(2n), G' = G| x --- x G} x G}, where G} = O(2r;) for
i=1,...,k, G = O(2rp). Also we denote G} = O(2r;,C) for i =

k, G§ = O(2rg,C).
We recall some basic facts from [Ki-Sh|. Let E(g, ¢, A) be the Eisenstein
series associated to the character .

Proposition 6.2.1. The Fisenstein series has a pole of order n only if
e > 2 and p; s a quadratic gréssencharacter fori=1,... k.
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We divide the set of positive roots ®* as follows:
<I>1:{ei:l:ej, 1§i<j§7“1},
(1)2 - {€T1+i + 6T1+j7 1 S 1 <.] S TQ}a

P = {erittrpiti T ittty 1 <0< <rihy
o = {eri4tryti T ity 1 <1<j <o,

26T1+~-+rk+i’ 1= 1, ‘e ,’I”()},
k
op =3t — | s
=0

We note that the above is for G = Spo,. If G = SO2,41, we need to

add, to ®;, eq g 14jy J = 1,...,m, for i = 1,...,k and in P,
2€r +.trp+i should be ey 4..ppovi. If G = Oay, then ®¢ does not have
the roots 2e,, 4..cqrpti, ©=1,...,70.

®q, ... D are root systems of type D,, and ®q is a root system of type

C,. This corresponds to the decomposition O(V7) x - -+ x O(Vy) x O(Vp) C
O2n+41(C).

Let W; be the Weyl group corresponding to ®; for i = 1,... ,k and W;
be the Weyl group of Oy, for i« = 0,... ,k. Then W; = Wjcp 4...qp; for
i=1,...,k Then we have W(x,x) = W1 X -+ x Wi x Wy. Let A = A\ +
-+ Ap+ Ao, where A; = Qpyfoegry 1€ 4oy 41 T A, €y gy
for 1 = 17 . ,k and )\0 = Qpy4odrp+1€r 4 +1 + -+ apen.

We recall the following well-known result. (Carter [C].)

Proposition 6.2.2. Let A be a set of simple roots and W be the associated
Weyl group. Let w, be the simple reflection with respect to a € A. Then W
is generated by the wq, o € A. Let 0 be a subset of A and Wy be the subgroup
of W generated by the wq, o € 0. Then each coset wWy has a unique element
dy characterized by any of the following equivalent properties:

(1) dgf > 0.

(2) dg is of minimal length in wWy.

(3) For any x € Wy, l(dgx) = l(dg) + ().

We apply Proposition 6.2.2 to A = {e; — ea,... ,en—1 — ey} and 0 =
A — {€7~1 — Cr141,€r141r0 T Cridrotly - 4ty T 67"1+'“+7“k+1}' Let D be
the set of such distinguished coset representatives. Then for d € D, w; € W,
1 =0,...,k, we have

{a>0:dw; - wpwoa < 0}

= Ufzo{oz € P wa<0U{a € Pp:dw - wrwoar < 0}.



RESIDUAL SPECTRUM OF SPLIT CLASSICAL GROUPS 437

Then the constant term of pseudo-Eisenstein series is given by

YA ) = Y r(w, =X\ ) R(w ™, wA, wx)p(w))

weWw

—H Z w’Lv z; z)

=0 w;eW;

: ( Z r(dwy ... wrwo, —A, @D)R(wo_lwgl ey td T
deD

dwy - - - wrwoA, dx)p(dws - - .wka)\)) '

We note that wq ---wgx = x. Recall that
FE@ A x) =D r(w, =X\ ) R(w ™ wh, wy)p(w)),
weWw

actually means

Z Z T(wv _)‘7X)R(w_1>w)‘7w>()¢d(w/\) )

deD \weW (x,dx)

where ¢4 € I(dy). By the cocycle relation, we have

R(walw/,;1 cwptd T dwy - wpwo, dx)

= R(w, 1wk 1. -wfl, wy - - - wrwo, X)R(d™L, dwy - - - wrwo, dy).

Let

deD

R(d™Y, dwy - - - wpwo, dx)d(dwy - - - wpwg ).

Then we have

¥, A x) = HZ r(wi, =i, ©;)

i=0 w;eW;
R(wglwk_l . 'wl_ld_l, dwy - - - wpwo, dx) f (wy - - - wrwo).

We note that it has the same normalizing factors as the Eisenstein series of
Oary, ..., 02, and Spy,, attached to the trivial character. Let O;’s be dis-
tinguished unipotent orbits in Oy, (C) fori =1,... ,k and Op in Oz +1(C).
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Let p; € P(O;) for i =0,... ,kand p =pg X --- X pg. Let

k

(ba)‘X Hzrwza_ iy z)

=0 w,eW;
. R(wpwlzl e wo_l,wo cwpA, X) f(wo - - wEA).

Here wy = wy, - - - wp,. Since r(w;, —A;, ®;) is identically zero on V'(p;) if
w; & W(1,pi), the restriction of I,(4, A, x) to V/(p) = V'(po) x -+ x V'(pg)
is given by

lp (&, A, ) lv(p) = H S r(wi, =X, @)

=0 w; €W (1,ps)
- R(wypwy - wy two - wih, x) fwo -+ wi ).

We note that f(wq - --wgA) is holomorphic on V’(p). We apply Moeglin’s
results and define [, (¢, Ap, x) inductively. But the order of induction will
matter. Among V’(p;)’s, we can shuffle the segments. By shuffling, we mean
the following:

Let p1 = (;q1,...,qs) and pa = (;¢, ... ,q;) be two chains. By shuffling
of p1 X p2, we mean any permutation on segments so that (1) (q1,¢2),- ..,
(%[%}-p qQ[%}) appear in that order and (2) (¢}, ¢), - - ., (q;[g],p qé[g])

2 2
appear in that order.

Take a shuffling of segments in such a way that it satisfies a certain condi-
tion (see [Ja-Ki, (3.1)]) to produce a maximum number of components, i.e.,
a condition on the non-vanishing of the normalized intertwining operators.

This amounts to starting with a conjugate of y. If there is no confusion,
we will still write it as X Then

9¢/ 9¢ dis Zzch [p Ap:X)vl[p](¢a /\p>X)>>7

=0 O;

where O; runs through dlstlngulshed unipotent orbits in Oa,,(C) for i =
.k and Ogpy41(C) for i = 0. p=pg x -+ X pi € P(Op) x -+ x P(O).
We have
lpy (9, Ap, x) € @y R (wps Aps X) Lo (Aps Xo)-

We recall the local result on the image of intertwining operators Ry, (wyp, Ap,
X)1Io(Ap, Xv) from [Ja-Ki]: Let Unip(p, xo) be the set of direct summands
of Ry(wp, Ap, X)Lv(Ap, Xv) and Unip(Ox, ..., Ok, Op, xv) be the set of union
of Unip(p, xv) as p; runs through P(0;) for i =0,... k.

Theorem 6.2.1 (Theorem 3.4.10 of [Ja-Ki]). Il,es, = Unip(Oy,... O,
O, Xv) is parametrized by

C(01,...,0k,00,xv) = [Springer (O1) x- - - x Springer (Oy) x Springer (Op)],
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where | | is defined as follows: If p1, = poy 7# piv for i =0,3,... ,k, then
we replace Springer (O1) x Springer (O2) by

C(01,02, u1y) = {n € Springer (O) : n|4(0,) € Springer (0;), fori=1,2},

where O is the unipotent orbit of G5 obtained by combining Oy, O, where

« _ JO@(r1+12),C), if G=Sp(2n),0(2n)
27 Sp(2(ry +12),C), if G = SO(2n +1).

Therefore we have:

Theorem 6.2.2. Let x = x(f1, oy fblyevny fliyee s iy Lyenny 1), 704+ +
—_—— —_—— ——
T1 Tk To

rE=m, T1 > - > T, where u;’s are non-trivial distinct quadratic grossen-
characters. Then the residual spectrum attached to the conjugacy class
of (T,x) is parametrized by the distinguished unipotent orbits in Oa,, (C),
i=1,...,k and Ozy+1(C). More specifically, distinguished unipotent or-
bits O; € O2-,(C), i = 1,... ,k and Oy € O2,4+1(C) and x give a qua-
dratic unipotent Arthur parameter 1 and let Cres, = [Springer (O1) X - -+ X
Springer (Oy,) x Springer(Og)] C Cy, and e, = Unip(O1, ... , Ok, Oo, Xv)
C Iy, for all non-archimedean places. For each X € Ilies,, there is a
character nx € Cres, and it satisfies Arthur’s conjecture. i.e.,

Lgis (GIENG(A)) (1) N LA(G(F)\G(A))y,

is the set of m = ®, X,, where X, satisfies the following conditions:

(1) There exists p; € P(O;), i =0,...,k such that X,, € Unip,(p1,... , Pk,
Po, Xv) for all v.

(2) X, is spherical for almost all v and archimedean places.

(3) TI,nx, is trivial on Cy.

7. Relation to Kudla-Rallis example [Ku-Ra].

7.1. Trivial character case. Let G = Spy, and P = M N be the Siegel
parabolic subgroup so that M = GL,,. Consider the degenerate principal
series I(s,x) = Ind% x ® exp(s, Hp( )), where x is a trivial character of
GL,. Let E(s, f, P) be the Eisenstein series attached f € I(s, x).

Then Kudla-Rallis [Ku-Ra] showed the following:

Theorem ([Ku-Ra)).

(1) E(s, f, P) has a simple pole at s = {0,... , pp — 2, pn — 1, pn}, where
Pn = ”‘2*'1 and 0 means that 0 is omitted in the case when n is odd.
(2) The residue at s = py, is constant.

(3) The residue at s = p, — 1 is not square integrable.
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(4) The residue at s; = py, — i is the direct sum ®R,(Q), where the direct
sum ranges over all classes of quadratic forms @ with dim @ = n +
1 —2s; and xg = 1. Here R,(Q) is obtained by theta correspondence,
first by local construction and then by being put together. In this case
the Hasse invariant xo = 1 controls the obstruction to the existence of
the global quadratic space.

Let O = (q1,92,1), 1 > q2 > 1, g1 +q2 = 2n, be a distinguished unipotent
orbit in Og,41(C). There are two inequivalent ordered partitions in P(O),
namely, p1 = (;q1,q2,1) and p2 = (;¢2,1,¢1). We show:

Proposition 7.1. The representations ®R,(Q) are exactly those correspo-
nding to pi, i.e., lp,1(¢, Ap,) for ¢ € PW. (See Section 5).

Proof. In this case, in Moeglin’s notation in Section 5, A\p;, = (A1,... ,Apn),
Where)\t:%—t,lgtg %. wp, (t) = —t for 1 <t < A2 and
wp, (B52 +t) =n+1—tfor 1 <t < ge. We know that S, = {a >
Olwp, ¢ < 0, (Ap,, @) = 1} has n elements. But we can see easily that Sy,
contains e; — e;+1 for ¢ = 1,... ,n — 1. This means that since the simple
roots e; —e;1q for i =1,... ,n — 1, generate the Siegel parabolic subgroup,
the iterated residue of the Eisenstein series on the singular hyperplanes
e, —eir1 =1,7=1,...,n—1, is exactly the Eisenstein series attached to
the trivial character of the Siegel parabolic subgroup, which Kudla-Rallis
considered.

The square integrable residues at s = {(), ..., pn — 2} exactly correspond
to the partitions (q1,2), ¢1 + q2 = 2n, ¢1 > q2 > 1 (8; = pp, — @ corresponds
to (2n —2i+1,2i — 1)).

Since ljp,1(#, Apy) € @Ry (wp,, Apy ) Lo(Ap, ), the local component of R, (Q)
is the direct summand of the image of the intertwining operator R, (wy,,
Ap1) Lo (Ap,) which is a sum of two irreducible representations. We note that

Ry (wp,, Ap,)Iu(Ap, ) is the subrepresentation of Ind gLn‘ det |~ “7 . Jantzen
[Ja3] gave their Langlands’ data.

Theorem ([Ja3, Prop 3.10]). Ry(wp,,Ap,)Lv(Xp,) = m1 @ ma. Here my is a
spherical representation which is the Langlands’ quotient of Ind]\G/[ Ao X T,
where Ao is the conjugate of A\p which is in the closure of the positive Weyl
chamber and M = Cent (Ao, G*) = F* x -+ X F* x GLy X -+ X GLg x SLy
and ™ = Ind %I”l s an irreducible representation of SLo. And mo is the
Langlands’ quotient of
—1 +1 —1 —1
Ind ] 1727 - 1527 |15 x| 155 s [ P Px | ' T,

where M = F* x -+ X F* x Spy and T is the unique (irreducible) common

component of Ind g%2| det |% and Ind Ii%xSLgl x Stsr,. Here Stsr, is the

Steinberg representation of SLa. We note that T is tempered.
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Let Unip(p1) = {m1,m2}. Then Proposition 7.1 can be rephrased as fol-
lows:

Proposition 7.2. The representations &R, (Q) are the set of 7 = Q) X,
which satisfies: (a) X, € Unip(p1) for all v (b) X, is spherical almost
everywhere (c) [, xx, = 1, where xx, is defined in Section 5.

But the non-degenerate Eisenstein series attached to the trivial character
of the maximal torus has more residues. We need to consider pa € P(O).

In this case Ap, = (A1,...,Ay), where \; = % —tforl<t< % and
Ayaatt = Drl it for 1 <t < L. wp,(t) = —t for all t except t = 9L,
Then

_a2—1
R’U(wp27 )\p2)Iv()\p2) C Ind GL g9+1 XSpql—l ’ det ’ 4 X tI‘.
2

We have Ry, (wpy, Apy)Ly(Ap,) = m1 @ 73.
Theorem ([Ja3]). w3 is the Langlands’ quotient of

a-t a2+3 a2 1
IndF><~~-><FX><GL2><~--><GL2| | 2 X"‘X’ | 2 X‘ ’20’X"'X‘ ’20'7
where o is the unique quotient of Ind gfiFX\ ]_% X | \% which is square

integrable.
Let Unip(p2) = {m1,7m3}. In this special case, we have:

Theorem 7.1. The residual automorphic representations attached to the
trivial character of the maximal torus and the distinguished unipotent orbit
O = (q1,q2,1) are the set of 1 = &} X, which satisfies:

(1) X, € Unip(p1) for all v or X, € Unip(p2) for all v.
(2) X, is spherical for almost all v.

3) [Ty xx, = 1.

7.2. x = x(#,...,p) case, u a quadratic grossencharacter. In this
case, Kudla-Rallis showed:

Theorem ([Ku-Ral). The degenerate FEisenstein series attached to the
character . of GLy, has a pole at s = {0,...,pn — 2,pn — 1} and the
residue at s; = pn — t 1S square integrable and given by the direct sum
DR, (Q), where the direct sum ranges over all classes of quadratic forms
Q with dim @Q = (n + 1) — 2s; and xg = p. Again for this case, Hasse
invariant gives obstruction to the existence of the global quadratic space.

These correspond to the distinguished unipotent orbits O = (g1, ¢2) of
02, (C), where g1 > g2 > 1. There is only one element in P(O), namely,
p = (5q1,92). The local components of R,(Q) are the direct summands
of Ry(wp, Ap, X)L (Ap, xv). Here Ry(wy, Ap, Xo)I(Ap, Xv) is a sum of two
irreducible representations unless p, = 1 and ¢o = 1, in which case it is
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irreducible. If p, # 1, then they are the Langlands’ quotients of Ind]\G4 Ao X
m;, where Ao is the conjugate of A\p which is in the closure of the positive Weyl
chamber and M = Cent (Ao, G*) = F* X -+ X F* x GLy X - -+ x GLg x SLy
and IndJ\B/[XU =m ®me. If uy =1, go # 1, then they are the ones in the
case when x, = 1.

Remark 7.1. We can show that the residual spectrum corresponding to
the unipotent orbits of the form p = (;q1, g2, q3), g3 > 1, can be obtained by
considering the degenerate principal series of GL; X Spy(,,—;), where [ =n —
B— L. In this case, Ap = (M1, . An), where Ay = ‘“H —t, for1 <t< %
and )\qu;qQ = q32+1 —t, for1 <t < %. wp(t) = —t for 1 <t < 4592 and
BB <t <mywy (D52 +4) =BF2 —t 4+ 1for 1 <t < g

We can show that S, = {a > Olwpa < 0, (Ap,") = 1} contains all
simple roots except e _ao1 e, ag - This means that the iterated residue

of the Eisenstein series on the smgular hyperplanes in Sy, is the residue of the
degenerate Eisenstein series attached to the trivial character of the parabolic
subgroup P = MN, M = GL; X Spyn_y)-

We note that the degenerate Eisenstein series attached to GL,_1 X SLo
parabolic subgroups has been studied by Jiang [Ji].

8. Relation to our previous work [Ki-Sh].

LetX:X(/.Ll,...,,lil,...,/ﬁk,...,/.Lk,l,... al)a rot-cFrg=m,r1 >0 2>
N———
1 Tk To
ri > 2. In our previous work [Ki-Sh], we are concerned only with unipotent
orbits of the form O; = (2r;—1,1) of O9,,(C), i =1,... ;kand Oy = (2rp+1)
of O,,+1(C), which correspond to the half-sum of positive roots of Oy,, and
Spar,, respectively. We showed:

Theorem ([Ki-Sh]). Cy, is the Knapp-Stein R-group of the unitary prin-
cipal series Ind%xv, where M is conjugate to GLy, X -+ X GLy, X Spog.
Here ny, ... ,n, are determined by O;’s. 11y, s the set of the Langlands’
quotients of Ind]\%mv X Ap, where Ind]\B/lxv = @; M. Ap 18 in the positive
Weyl chamber of the split component of M.

Let fti; v, --- , tiy,0 be the set of non-trivial distinct quadratic characters.
Then Cy,, is spanned by the order two elements ¢y y...qr, ;... 5 Cry oy,
On the other hand, by Theorem 6.2.1 in Section 6, Cyres, = C(i,) X -+ X
C(pi,) x Co, where C(p;;) ~ 7Z/2Z and Cy is a set determined by O;’s. We
note that Cyp, = Cpiy ) X -+ X C(piyv)-

Example 8.1. Let x = x(u, i, 1
grossencharacter. Let O; = (3,
04((:) and Op = (5) of 05((C)

,1,1), where p is a non-trivial quadratic
) be a distinguished unipotent orbit of
Then if py # 1, Cres,, = Cy,, = Z7)27.
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But if p, = 1, Cy, =1 and Ches, =~ Z)27. Here Iles, is Unip(p2) in
Theorem 7.1 for ps = (;3,1,5).

9. Correction to our paper [Ki-Sh].

p- 401: In the Abstract, the Introduction, and also in Theorem 5.1, by
the technique used in that paper, we can only claim that 1I € I, appears

with multiplicity, not equal to % > (x,IT), but greater than or equal
Y

$€C¢w
dy . . .
to Cosl erc% (x,1I). We need to use the technique of pseudo-Eisenstein

series in this paper to claim the assertion.

p- 415: In Theorem 4.5, wy is different from wg in Proposition 4.4. In
fact, wg in Theorem 4.5 is given by wo = w1 - - - Wk, 0Wo,0, Where w; o is the
longest element in W; for i =0,... k.

p. 415: The local intertwining operator R(wy, A, ) is not holomorphic
at Ag. We need to define R(wq, Ao, xv) as the intertwining operator on
IndgAg ® Ind %/[ Xv- We assumed this implicitly there.

p. 418: In Lemma 4.8, wy, , should be w1 o, the longest element in Wj.

p. 418: In the proof of Lemma 4.8 and in Lemma 4.9, w; should be wy .

p. 420: The sentence “The parameter Ag may not be in the positive Weyl
chamber of the split component of M,” is false. The parameter Ag is in the
positive Weyl chamber of the split component of M.

References

[A1] J. Arthur, On some problems suggested by the trace formula, in ‘Lie Group Rep-
resentations, II,” Lecture Notes in Math., 1041, Springer-Verlag, (1984), 1-49,
MR 85k:11025, Zbl 541.22011.

[A2] , Unipotent automorphic representations: conjectures, in ‘Orbites Unipo-
tentes det Représentations II. Groupes p-Adiques et Réels’, Astérisque, 171-172
(1989), 13-71, MR 91£:22030, Zbl 728.22014.

[A3] , Flisenstein series and the trace formula, in ‘Proceedings of Symposia in

Pure Mathematics’, 33(I) (1979), 253-274, MR 81b:10020, Zbl 431.22016.

[B-Mo] D. Barbasch and A. Moy, A unitarity criterion for p-adic groups, Inv. Math., 98
(1988), 19-37, MR 90m:22038, Zbl 676.22012.

, Reduction to real infinitesimal character in affine Hecke algebras, J. of
the AMS, 6(3) (1993), 611-635, MR 93k:22015, Zbl 835.22016.

[B-V] D. Barbasch and D. Vogan, Unipotent representations of complex semisimple
groups, Ann. of Math., 121 (1985), 41-110, MR 86i:22031, Zbl 582.22007.

[C] R. Carter, Finite Groups of Lie Type, Conjugacy Classes and Complex Charac-
ters, John Wiley and Sons, 1985, MR, 87d:20060, Zbl 567.20023.

[Jal] C. Jantzen, Degenerate principal series for symplectic groups and odd-orthogonal

groups, Mem. of AMS, 124(590) (1996), MR 97d:22020, Zbl 866.22016.


http://www.ams.org/mathscinet-getitem?mr=85k:11025
http://www.emis.de/cgi-bin/MATH-item?541.22011
http://www.ams.org/mathscinet-getitem?mr=91f:22030
http://www.emis.de/cgi-bin/MATH-item?728.22014
http://www.ams.org/mathscinet-getitem?mr=81b:10020
http://www.emis.de/cgi-bin/MATH-item?431.22016
http://www.ams.org/mathscinet-getitem?mr=90m:22038
http://www.emis.de/cgi-bin/MATH-item?676.22012
http://www.ams.org/mathscinet-getitem?mr=93k:22015
http://www.emis.de/cgi-bin/MATH-item?835.22016
http://www.ams.org/mathscinet-getitem?mr=86i:22031
http://www.emis.de/cgi-bin/MATH-item?582.22007
http://www.ams.org/mathscinet-getitem?mr=87d:20060
http://www.emis.de/cgi-bin/MATH-item?567.20023
http://www.ams.org/mathscinet-getitem?mr=97d:22020
http://www.emis.de/cgi-bin/MATH-item?866.22016

[Kil]
[Ki2]
[Ki3]

[Ki-Sh]

[Ki-Sh2]
[Ku-Ral
[L-La]
[Lal]

[La2]

(M2]
[M3]
[M4]

[M5]
[M]

HENRY H. KIM

, On supports of induced representations for symplectic and odd-orthogonal
groups, Amer. J. Math., 119 (1997), 1213-1262, MR 99b:22028, Zbl 888.22013.

, Personal communication, 1995.

C. Jantzen and H. Kim, Parametrization of the image of normalized intertwining
operators, Pacific J. Math., 199 (2001), 367-415.

D. Jiang, On the degree 16 L-function for GSp(2) x GSp(2), Mem. of AMS,
123(588) (1996).

C.D. Keys and F. Shahidi, Artin L-functions and normalization of intertwin-
ing operators, Ann. Scient. Ec. Norm. Sup., 21 (1988), 67-89, MR 89k:22034,
Zbl 654.10030.

H. Kim, The residual spectrum of Sps, Comp. Math., 99(2) (1995), 129-151,
MR 97¢:11056, Zbl 877.11030.

__, The residual spectrum of G2, Can. J. Math., 48(6) (1996), 1245-1272,
MR 97i:11055, Zbl 879.11024.

, The residual spectrum of U(n,n); contribution from Borel subgroups,
preprint.

H. Kim and F. Shahidi, Quadratic unipotent Arthur parameters and residual
spectrum of Spon, Amer. J. Math., 118(2) (1996), 401-425, MR 98f:11048,
Zbl 866.11036.

, Symmetric cube L-functions of GL2 are entire, Ann. of Math., 150(2)
(1999), 645-662, MR 2000k:11065.

S. Kudla and S. Rallis, A regularized Siegel- Weil formula; the first term identity,
Ann. of Math., 140(1) (1994), 1-80, MR 95f:11036, Zbl 818.11024.

J-P. Labesse and R.P. Langlands, L-indistinguishability for SL(2), Can. J. Math.,
31 (1979), 726-785, MR 81b:22017, Zbl 421.12014.

R.P. Langlands, On the Functional Equations Satisfied by Fisenstein Series, Lec-
ture Notes in Math., 544, Springer-Verlag, 1976, MR 58 #28319, Zbl 332.10018.

, On the classification of irreducible representations of real algebraic
groups, in ‘Representation Theory and Harmonic Analysis on Semisimple Lie
Groups’, (1989), 101-170, MR 91e:22017, Zbl 741.220009.

,  FEuler Products, Yale University Press, 1971, MR 54 #7387,
7Zbl 231.20016.

G. Lusztig, Intersection cohomology complexes on a reductive group, Inv. Math.,
75 (1984), 205-272, MR 86d:20050, Zbl 547.20032.

C. Moeglin, Représentations unipotentes et formes automorphes de carré
intégrable, Forum Mathematicum, 6 (1994), 651-744, MR 95k:22024,
Zbl 816.11034.

, Orbites unipotentes et spectre discret non ramifie, Le cas des groupes
classiques déploys, Comp. Math., 77 (1991), 1-54, MR 92d:11054, Zbl 809.11030.

, Une conjecture sur le spectre résiduel des groupes classiques, preprint,

1994.

, Représentations quadratiques unipotentes des groupes classiques p-
adiques Duke Math. J., 84 (1996), 267-332, MR 97h:22013, Zbl 864.22008.

, Cuspidal quadratic unipotent representation, preprint, 1994.
, Letters.



http://www.ams.org/mathscinet-getitem?mr=99b:22028
http://www.emis.de/cgi-bin/MATH-item?888.22013
http://www.pacjmath.org/2001/199_367.html
http://www.pacjmath.org/2001/199_367.html
http://www.ams.org/mathscinet-getitem?mr=89k:22034
http://www.emis.de/cgi-bin/MATH-item?654.10030
http://www.ams.org/mathscinet-getitem?mr=97c:11056
http://www.emis.de/cgi-bin/MATH-item?877.11030
http://www.ams.org/mathscinet-getitem?mr=97i:11055
http://www.emis.de/cgi-bin/MATH-item?879.11024
http://www.ams.org/mathscinet-getitem?mr=98f:11048
http://www.emis.de/cgi-bin/MATH-item?866.11036
http://www.ams.org/mathscinet-getitem?mr=2000k:11065
http://www.ams.org/mathscinet-getitem?mr=95f:11036
http://www.emis.de/cgi-bin/MATH-item?818.11024
http://www.ams.org/mathscinet-getitem?mr=81b:22017
http://www.emis.de/cgi-bin/MATH-item?421.12014
http://www.ams.org/mathscinet-getitem?mr=58:28319
http://www.emis.de/cgi-bin/MATH-item?332.10018
http://www.ams.org/mathscinet-getitem?mr=91e:22017
http://www.emis.de/cgi-bin/MATH-item?741.22009
http://www.ams.org/mathscinet-getitem?mr=54:7387
http://www.emis.de/cgi-bin/MATH-item?231.20016
http://www.ams.org/mathscinet-getitem?mr=86d:20050
http://www.emis.de/cgi-bin/MATH-item?547.20032
http://www.ams.org/mathscinet-getitem?mr=95k:22024
http://www.emis.de/cgi-bin/MATH-item?816.11034
http://www.ams.org/mathscinet-getitem?mr=92d:11054
http://www.emis.de/cgi-bin/MATH-item?809.11030
http://www.ams.org/mathscinet-getitem?mr=97h:22013
http://www.emis.de/cgi-bin/MATH-item?864.22008

[M-WT1]

[M-W2]
[Sh1]
[Sh2]

[Sh3]

RESIDUAL SPECTRUM OF SPLIT CLASSICAL GROUPS 445

C. Moeglin and J.L. Waldspurger, Spectral Decomposition and Fisenstein Series,
une Paraphrase de U’Ecriture, Cambridge Tracts in Mathematics, 113, Cam-
bridge University Press, 1995, MR 97d:11083, Zbl 846.11032.

, Le spectre résiduel de GL(n), Ann. Scient. Ec. Norm. Sup., 22 (1989),
605-674, MR 91b:22028, Zbl 696.10023.

F. Shahidi, Twisted endoscopy and reducibility of induced representations for p-
adic groups, Duke Math. J., 66(1) (1992), 1-41, MR 93b:22034, Zbl 785.22022.

, On the Ramanujan conjecture and finiteness of poles for certain L-
functions, Ann. of Math., 127 (1988), 547-584, MR 89h:11021, Zbl 654.10029.

, Whittaker models for real groups Duke Math. J., 47(1) (1980), 99-125,
MR 81d:22020, Zbl 433.22007.

N. Spaltenstein, Classes Unipotentes et Sous-groupes de Borel, Lecture Notes in
Mathematics, 946, Springer-Verlag, 1982, MR 84a:14024, Zbl 486.20025.

N. Winarsky, Reducibility of principal series representations of p-adic Chevalley
groups, Amer. J. Math., 100(5) (1978), 941-956, MR 80f:22018, Zbl 475.43005.

Received June 15, 1999. This author was partially supported by NSF grant DMS-9610387.

DEPT OF MATH.

SOUTHERN ILLINOIS UNIVERSITY
CARBONDALE, IL 62901

E-mail address: henrykim@math.siu.edu


http://www.ams.org/mathscinet-getitem?mr=97d:11083
http://www.emis.de/cgi-bin/MATH-item?846.11032
http://www.ams.org/mathscinet-getitem?mr=91b:22028
http://www.emis.de/cgi-bin/MATH-item?696.10023
http://www.ams.org/mathscinet-getitem?mr=93b:22034
http://www.emis.de/cgi-bin/MATH-item?785.22022
http://www.ams.org/mathscinet-getitem?mr=89h:11021
http://www.emis.de/cgi-bin/MATH-item?654.10029
http://www.ams.org/mathscinet-getitem?mr=81d:22020
http://www.emis.de/cgi-bin/MATH-item?433.22007
http://www.ams.org/mathscinet-getitem?mr=84a:14024
http://www.emis.de/cgi-bin/MATH-item?486.20025
http://www.ams.org/mathscinet-getitem?mr=80f:22018
http://www.emis.de/cgi-bin/MATH-item?475.43005
mailto:henrykim@math.siu.edu

